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"An Investigation of Mechanisms Effecting
Envircnmental Stress Cracking in Titanium Alloy"

\Abstract

J

) .
AE heat treated version of titanium alloy (B16A14V) has been
under an environmental stress cracking investigation. The
acoustic emission (AE) techniques were used to monitor crack
growth in a 1 inch thick WOL bolt loaded compact tension test
specimen under a linear compliance load to provide plane

strain fracture over the environment test duration. An acoustic
emission transducer (S-140B) was used to detect the crack move-
ment in the test specimen while it was submerged in a closed
lcop metharcl environment. The acoustic signals were received
at a gain of 85 dB in a high bandpass filter range of 100~

300 KHz and displayed in the totalizer window as digital out-
put data, (BCD). The signals were then passed into the D/A

converter and recorded as analog data on the x-y plotter.

Two significant results in this 1nvestiga§£ggawere revealed
~——

by the AE technigue, (1) heat treating just below the beta
transformation temperature and anneaiing for a select time im-
proved the fracture toughness in the alloy, and (2) in a plane
strain load mcde at a constant orack-oﬁened-displacement (cop),
the titanium alloy was crack sensitive in.a pure methanocl
environment and not crack sensitive in the laboratory atmosphere

environment. The acoustic emission rate, hence crack growth _
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rate, appears to be a functian of the methanol concentration,

thus related to a diffusion mechanism.

A-

Introduction

Titanium alloy (Ti6Al14V) has been located in a closed-loop envi-
ronment chamber and subjected to a pure grade (99.95%) methyl
alcohol (methanol-CH3OH) at a constant temperature, 78°F (25.€°C)
and pressure, 14.7 psi (76.0 cm HG). Since alcohols and ace-
tones have been widely used as degreasing and cleaning agents

on many mechanical and hydraulic parts, it was thought that

these solutions in the higher concentration may be factors

that contribute 1in crack propogation in the solid materials.

Titanium alloy is used as a material for the mechanical and

T T YO B A 4 AT AP 20 7R . 05 1= 51 ot - b A5 1= e 1 ot arm A i S e i

hydraulic parts of the aircraft and much of the degreasing
and cleaning of the parts have been done with alcohols and
acetones. This research effort on crack propogation in ti-
tanium alloy in a methanol environment was started around this
analysis. The application of the acoustic emlssion techniques
was to make it possible to detect the crack propogaticn that

were neither audible or visible without amplification or optics.

A bolt-load type wedge-opened-load (WOL) one inch thick compact
tension test specimen was drawn to scale, using the specification
shown in ASTM-E399-75 standards, Figure 1. Ten of these test

specimens were machined in the Mechanical Engineering Department

Laboratory; however, only five were used in the investigation




Figure 1. The bolt load IT WOL compact tension
test specimen used in this investigation.

0 1.0 2.0 3.0 4.0 5.0 2 €.C .0
e (R) x 10=°
Figure 4., The stress/strain curve plot for the fatigue
load in precracking WOL test specimen A-3 and is typical
of that for the other test specimens used in thls in-
vestigation.
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for this period. The test s} cimens were then subjected to

a heat treatment process which was designed to increase the
fracture toughness of the titanium alloy. The specimens were
held as a batch in an electfic arc furnace free of CO, CO2,

Hy0 and NHj Just below beta transformation (1630°F (887°C)) for
one hour then rapidly water quenched to room temperature.

The batch was then returned to the furnace under the same
atmosphere controls and annealed at 1050°F (568°C) for 6

hours then allowed to air cool in the laboratory to room temp--

erature.

This heat treat process produced a thin film (.003 in.) of
titanium oxlde over the surface of the specimens. The thin
film was removed by using the wet belt grinder and 50 grit
silicon carbitde abrasive. This operation required approxi-
mately forty minutes per test specimen. All test specimens

were finished to the drawing specifications, Figure 16,

Experimental Procedure

The one inch thick bolt load type wedge-opened-load (WOL)
compact tenidion test specimen shown in Figure 1 was found
suitable to plane strain fracture ioughness and a constant
stress intensity factor K, over approximately 80% of the
depth (W) of the specimen. Thils type test specimen alsoc was
capable of maintaining the linear compllance load at a con-
stant crack-opened-displacement (COD) in the closed-loop

methanol environment test chamber with the acoustic emission

R o S




{ | transducer attached securely for monitoring the crack over

the test period. Five test specimens were heat treated at

1630°F (890°C) for 1 hour and water quenched and annealed

at 1050°F (568°C) for 6 hours, then cleaned for testing.

) The following equation, AP=AK(BnJW7/f(a/w)(l>, was used to
determine the linear complianée load for producing the fatigue
precrack in each of the test specimen used in the investigaticn

) and the w = the depth of the test specimen, a = crack length,

f = a constant, Bp = specimen thickness and AK = stress inten- ‘!

sity change determined by the 5% secant offset method. (3} The

) test specimen was loaded in the 22 kip servo-electronic dy-
namlc testing machine and the MTS clip gage was fitted between
the knife edges on the specimen to act as the strain control

) device during the fatigue precrack period. The multimeter
was used to determine the desired vcltage which was cconverted

to load (AP) in pounds for the fatigue precrack. Figure 4 shows

’ the linear compliance load plot for the fatigue precrack in test
specimen A-3. This 1is typical for the other test specimens

except that the loads varied, Table 1, 2,'and 3. A set load

L s ot -

» of 200 lbs. (888 N) was applied on all test specimns to main-
tain a tenslon to tension fatigue precrack mode. Test specl-
men A-2 was accldentally failed when the lcad limit switch

4 was set beyond the calculated fatigue precrack amplitude, : .

Figure 15(a).

»

The precracked test specimens were given a bolt load linear

compliance by use of the multimeter, MTS clip gage and the bolt




5/8-18NF 2B. The wcoustic emission transducer was located

on the face surface side with a viscuous resin and tape after
which the specimens were observed in the laboratory atmosphere

condition, T8°F (25.6°C) 48% humidity, for periods between 36

H
. »
13
%
g
%

) hours and 48 hours to see if the precracks grew. Following

this period the test specimen with the attached transducer

T

was placed in the closed-loop environment test chamber. The
) chamber was purged with a dry grade of nitrogen gas at 3 cubic

feet per hour for 30 minutes while the high purity methanol

A e

19 (99.5%) was funneled into the chamber frcm the bottom to the

) upper level of the machined groove on the test specimen.

) The traveling microscope (32X) was focused to the precrack

tip and used to follow the crack growth at the surface. The

e ) WA YU SV Y

acoustic emission data were recorded on the x-y plotter.

f; . After the crack arrested, the test specimen was removed from the
methanol environment, wiped and allowed to remain in the lab-
oratory atmosphere up to 12 houré for additional crack growth
observation monitcred by the acoustic emission system. The
crack-opened-displacement was checked with the MTS c¢lip gage and
multimeter, then the test specimen was completely fractured by

continuing the bolt loading, Figure 2(a)(b)(c).

’ Macrophotographs (2.5X) were made of the cracked surfaces,

et R e

Figures 3(a)(b)(e). Sections were cut from the specimens, 1
mounted and prepared as micro-structures. Micrographs were
made of the etched specimens as seen in Figures 11, 12, 13, and

14,
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(c)

“igure 2 a,b,c. Macrographs of the tes% specimens
that have been under a linear ccmpliance load-
during a test period. The methancl environment
stress cracked surface is readily identified.
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Figure 3 a,b. The enlarged macrographs cf twe
cest specimens seen in Figure 2, show four
different fractures, Zl-machined V-notch, Z2-
fatigue precrack, Z3-methanol envircnment
stress cracking and Zi-tensile fracture.




Figure 3 ¢. The enlarged macrograghcof the
test specimen seen in Figure 2, shows four

different fractures, Zl-machined V-notch,
Z2-fatigue precrack, Z3-methanol environment
stress cracking and Zbi-tensile fracture.




R v e L

L

Discussion of Results

Kroll reagent was used as the etchant to bring out the
grain structure of the polished titanium alloy (TL6A14VY. A
few dark spots less than 0.1 mm were observed in the micro-
structure at 100X. These appeared to be transverse to the

rolling direction of the as received mill annealed alloy.

The microcracks produced under the influence of the methanol
environment stress c¢racking conditicn were examined for
transgranular and intergranular effects in the grain structure.
The grain structure was examined for the type structure and the

solution heat treat and aging effect.

The information available indicated that the titanium alloy

(T16A14V) under investigation is the alpha-beta grade and

that the strength properties can be improved through proper
solution heat treatment and annealing<“). The investigation
in thls research effort was to involve a solution heat treated
version of the titanium alloy. Five test specimens were batch

solution heat treated at 350°F (176°C) per hour in a vertical

gantry electric arc furnace and a 1630°F (89Q°C) for one hour
and rapidly water quenched in less than 5 seconds. Annealing
occurred at 1050°F (568°C) over a 6 hour period and air cool-
ing in the laboratory afmosphere, 78°F (25.6°C) about 58%
humidity. Three advantages were expected; (1) less beta trans-
formed to cause martensite structure on quenching, (2) less dis-

tortion and titanium oxlide occurs at the surface on quenching,




L et geiore

and (3) improved yield strength, hence fracture toughness is

increased. i

High purity grade methanol (CH3CH) 99.5% has positive effect

on crack propogation when the concentration 1s sufficient to
flow into the crack zone. The acoustic signals occur in

burst and continuous form with long arrest periocds between

crack movement, Flgure 5. Crack propogation was not detected in

the test specimens under the compliance load by the acoustic

emission system at an 85 dB gain in the 100-300 KHz range and
was not observed on the surface through the traveling micro-
scope (32X) while the test specimens were in the laboratory

atmosphere, 78°F (25.6°C) and 42% humidity. The same test

specimens, when exposed in the methancl environment began to

emit acoustic signals in less than 20 minutes,

The data given in Tables 1, 2 and 3 represent the findings
from three test specimens out of five that were designed and
made for the investigation. Test specimens A-2 and A-5 were lost

by human errors. The calculations are more complete on test

specimen A-U4,

Figure 5 shows the acoustic emission amplitude and crack arrest

period. The acoustic signals indicate that the crack starts

as a high amplitude burst followed by the arrest periods that :
range from 2 to 60 minutes. The long arrest periods between ]

|
burst type acoustic signals 1s probably related to the time

required for the methanol to reach a sufficient concentration ﬁ

11
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Figure 6. The heavy lines represent the crack arrest
periods, while the high amplitude peaks indicate burst
type crack movements,
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level in the microcracks area. The continuous emission ex<
tends over longer growth periods and in one ocassion the

erack was observed moving along the surface of the test speci-
men. Figure 6 shows the continuous emission and intermittant
high amplitude. Fourteen hours after the last high amplitude
plot shown in Figure 6, the acoustic signals were no longer
being emitted. The crack length was measured and a critical
stress intensity (K;,.) was found to be 74.79 Ksi¥In (82.8 MPavm),
The relationship of the stress intensity to the crack length

was determined by the following equation, Ky = Pc/anwf29.6
(asw)1l/2 - 185.5(a/w)3/2 + 655.7(a/w)3/2 - 1017.0(a/w)7/2

+ 638.9(a/w)9/2](3). Figure 8 shows the stress intensity at

the calculated compliance loads. The linear compliance load

was decreased on each test specimen for the environment stress
cracking so that a minimum plastic region was at the precrack
tip. This had a slowing effect on the c¢crack growth rate and re-
duced the critical stress intensity factor (Kc) over the range

of the crack, Tables 1, 2 and 3,

The data taken from test specimen A-4 on the crack growth rate
(Aa/At) to the stress intensity (Kc) over the crack growth range
indicate a slow moving crack with a decreasing relationship to
the stress intensity during the methanol environment attack,
Figure 9. Over the same ~rack growth period, the accustic sig-
nalrate (dN/dt) showed a randomly scattered relationship to the
stress intensity. The scatter approaches a constant relation-

ship, Flgure 10. This does not agree with the work of other

14

- A A e

TR




T
N
1
8.
7l
) 6
:5’"“
1 4
. =31
¥ =21
S 1i-
L 10 -
B 38--
= q:\7 T T o =
) QgL LTI '_.}
' Tyl Zr”"”'”‘“'_“"“ ..1:';’."
k| v A T T e
., O A b : ( i i
& '*3&[‘.";——_-_:7':::5'... : ' R
& =2 - 3
- S P iroYE T I‘r "rs' “IE‘
K(KsiV‘I—)
Figure 9. The rate of change in crack length was found to be
decreasing with the stress intensity (Kc) in the test specimens.
i )
¥
)
(9]
o
) ~
e
-
)
=
~
=}
’ ——— e - ___“_; —
ﬂ,'_k;:;i“"__.;A._T-_.LT; . :BL; it '
0. 1. g, 9. lo, 11,
K (KsivIn)
) Figure 10. The rate of change of the acoustic emission with
the stress intensity (K,) over the crack range.

15




|
. |
—4- 1
o '
L. t
11 o H
1 | i
L -]
[ - . ._
~{- : ... ..YJ |-
RN 11 11 QR
- N
- m - /\jJ.
-k ] .
m — (o) o~ w0 ()
™M (34 (S VAR oV ] (o] —~
wOT X NX
i

3

t(min) x 102

The acoustic emission output with respect

Figure 7.

to time during the crack growth.

16




e e

——

T
'*
1

e

s,

17

1/

i
i
R i

L
|

!
]
4
P
.
1

L1

Il
v f 1

1.6

1
!
T
I
RN
R
4
'
e
4
!
t

|
t

Y

Ll
4

i
L Sl -
'

H

|
(R
- [ (O

~

[LEEELER : : sunnas ARRRNRRRRN \ “ i
- T T N IRRERERARESS
A e R e TN ( RRRRERES
T ErEr e e e e LR T R _. T.
1 ‘ ot FH L |
! T+l - . A |
_

10

o
o N

(g 7UT-T84) ¢OT X 3

6C
50
4

Py

8

1.8 1.

1.4 1.5 1.7

1.3

1.1 1.2

1.0

(a)=crack (in)

lc)

(a) under the influence of the

The relationship of the stress intensity (X
methanol environment.

to the crack growth

Figure 8.

17




investigators, Dunegan, H and Tetelman, A.(s) Further
investigation will be pursued in this area. The summation

of acoustlic signals (IN) are shown to be an increasing func-
tion with time (t) of crack growth, Figure 7. Other investi-

gators have shown similiar data.

The microstructure shown in Figure 11 represents the type
alpha-beta grains found in the other test specimens. Small
areas of the Widmanstitten structurewere found in the environ-
ment stress crack zone, Figure 13. The methanol environment
stress cracking is characterized as plt corrosion type cracks
which occur as transgranular and intergranular cracks and is
readily distinquishable from fatigue and tensile type surface
fracture. The fatligue and tensile fracture show fairly straight
edge effect In contrast to the valley and mountaln effect. The
grain structure is uniform with slightly elongated geometry.
Some small inclusions were found in the microstructure trans-

verse to the rolling direction.

Figure 13 shows the pit formation aleng the surface that has
been exposed to the methanol environment. Small intergranular

cracks are seen below the surface.

Conclusions

l. Cracks, some which grow at iess than 10‘5 inch per hour,
are difficult to detect on the surface of titanium alloy
without the aid of magnified optilces.

18
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100X

Figure 11. The microgrzaph shows an acicular type
grain structure of uniform size. A regular flzt sur-
face along the microstructure indicates a fatigue
crack surface followed by a slightly irregular meth-
ancl environment stress crack.

— , — ... 200X

Figure 1l2. The micrograph shows a uniform a icular
grain structure. At the right, a flat regular fatigue
surface is followed by the irregular methancl envircn-
ment stress cracked surface.

: e
L
S

‘igure 13. The micrograph shows the methancl envircn-
.ient stress cracked surface contalning pit holes and
the irregular surface. The transgranular cracks are
seen below the surface,
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Figure 15a. The macrograph of the 1T WOL
compact ension test specimen A-2 with the
3 uncontrolled crack that occurred with an

b 1 accidental increase in the amplitude of th
: compliance load.

T o e s s, e

Figure 15b. Enlarged macrograph of the un- 1
controlled crack in test specimen A-2.




A crack of any size in titanium alloy (Ti6A14V) under a
stress intensity (K;) of 8.1 KsiVIn (8.86 x 1073 wPaym
or greater when expoéed to a concentrated methanol envi-
ronment over a 20 minute period will exhibit growth.
Methanol environment stress cracking in titanium alloy

is slow diffusion type mechanism that produces the pit
corrosion effect and 1s detectable by the acoustic
emission technique.

The bolt-load type compact tension specimen 1is an effect-

ive vehicle for determining environment stress cracking

rate behavior and the critical stress intensity factor (ch).

The acoustic emlssion approach to studying environment
stress cracking may prove to be of great value in deter-
mining the mechanism.

The continuous acoustic emissicon with intermittant high
amplitude indicate that the fracture is in an.unstable.
condition and approaching fallure.

More acoustic emission work with crack growth behavior
need be conducted in order to relate the amplitude per
unit acoustic sighal to a quantative energy value.

The microstructure of the solution heat treated and a-
nnealed Ti6A1U4V exhibited the acicular alpha structure
with small areas of the Widmanstdtten pattern.

The environment stress cracﬁing apveared in the Widman-

stdtten structure.ln transgranular type cracks.

21
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Table 2.

Data obtained from test specimen A-3 at a linear compliance

load (AP) of 4730 1bs. under methanol enviroment stress cracking.

B IN X 103 X102

in. mm ksivin MPayim_
1.71 43,434 24.31 26,91
1,203 | 30.556 25.07 27.7582
1,234 31.34 25.887 28 636

1.297 132,943 | 27.634 | 30 .59 .

1.421 36,093 31.818 35.222 :

|

1 1.546 39.268 ! 37.34 41,339 E

L.bs 41. 6568 ! 42 762 47 337 é
1.828 46.431 { 58.7248 A5 . 008

*Data Not Available

K in ksi/In X .001107 = K in MPafm
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Table 3.

Data obtalned from test specimen A-1 at a

linear compliance load (AP) of 3120 1lbs. under methanol

enviroment stress cracking.

*
*N X 103 r ¥ 102

in. _thh ksi/IR HPa. gl e

1.71 43,434 16.032 12 747

1.203 30,556 16.538 18.30Z

1.234 31.34 171 .07% 18 902

1.296 32.943 _18. 228 20 178

1.42 36.093 21.0 23 247

¥Data Not Avallable

K in ksiv/in X .001107 = k in MPa/i'
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